The acquisition of fertilization capacity by sperm is regulated by intracellular pH (pH i ), but the transport pathways that regulate pH i are not well understood. Lishko et al. (2010) now report that Hv1, the voltage-sensitive proton channel, is present in human sperm and is an important regulator of the functional maturation of sperm.
Both the yeast ortholog of USP10, Ubp3, and human USP10 have been implicated in vesicular transport and trafficking of membrane proteins (Bomberger et al., 2009; Cohen et al., 2003) . In yeast, the deubiquitination of Ubp3 target proteins involved in this process depends on association of Ubp3 with another protein, Bre5 (Cohen et al., 2003) . Interestingly, human USP10 interacts with the human Bre5 ortholog, G3BP1. However, this association may block the deubiquitinase activity of USP10. Notably, G3BP proteins interact with p53 and stimulate its localization in the cytoplasm (Kim et al., 2007) . It would be interesting to know whether regulation of p53 by USP10 is modulated by G3BP proteins, as the expression of G3BP proteins is modulated in various tumors. Intriguingly, mutant p53 can stimulate the invasive capabilities of cancer cells by enhancing the endocytic recycling of membrane proteins such as epidermal growth factor receptor EGFR and α5β1 integrin (Muller et al., 2009) . USP10 is important for endocytic trafficking (Bomberger et al., 2009 ) and also, as Yuan et al. report, for stabilizing mutant p53. Future work will reveal whether this versatile deubiquitinase has even more talents up its sleeve.
Males of all mammalian species store sperm in the caudal portion of the ductus epididymis. These sperm have completed morphological differentiation and are generally believed to have terminated gene expression, and yet they are not capable of fertilization. The capacity to fertilize eggs is only expressed after sperm have been "educated" by the female reproductive tract. This final phase of maturation is known as capacitation and results in the development of new patterns of flagellar motility, in the expression of chemotactic responsiveness, and in the acquisition of the ability to interact with eggs. An understanding of capacitation is central to assisted reproductive approaches for treating infertility, to the design of contraceptive agents, to our models of fertilization, and to deciphering the evolutionary processes of sperm competition and sexual selection (Florman and Ducibella, 2006; Sutton et al., 2008) . In this issue of Cell, Lishko et al. (2010) , with their identification of a voltage-gated proton channel (Hv1) in sperm, suggest an exciting new model that may account for the regulation of sperm intracellular pH (pH i ) and for key events that control the onset of capacitation.
One factor that regulates capacitation is the intracellular pH of sperm. The pH i is maintained at a slightly acidic level during sperm storage within the cauda epididymis and rises during capacitation.
Both the acid load during sperm storage and the subsequent alkaline shift after release are required for fertility (Florman and Ducibella, 2006; Blomqvist et al., 2006 ). Yet, the metabolic and ion transport activities that control the pH i set point in sperm and modulate the capacitation-associated changes required for fertility are poorly understood. Lishko et al. (2010) now show that a voltage-sensitive proton channel, Hv1, is present in human sperm. Hv1 contains the voltage sensor domain that was first identified in voltage-sensitive cation channels, but it lacks the ion permeation pore of those channels. Instead, voltagedriven conformational movements in the sensor activate an intrinsic transmemshedding light on sperm pHertility Voltage-sensitive proton channel activity was first detected in snail neurons and in the eggs of marine animals; in mammals, it is required for a robust respiratory burst in phagocytes (DeCoursey, 2008) . Now, Lishko and colleagues show that it is also expressed in sperm. To do this, they needed first to develop methods to patch clamp human sperm. Sperm membranes have low compliance and could not be readily patch clamped. As a result, earlier studies used fluorescent probes to examine steady-state regulation of pH i , but it was not possible to link that regulation to specific channel activities. Lishko et al. recognized that the "cytoplasmic droplet" (a region of the human sperm plasma membrane loosely attached to intracellular structures) could be patched, thereby permitting direct analysis of human sperm channels. In a technical tour-de-force, they capture and patch clamp not only human sperm that are not undergoing capacitation (which simply streak across the field along relatively straight paths), but also those sperm exhibiting the "drunken walk" thrashing of hyperactivated motility that is a signature of capacitation. They find that proton current amplitude and kinetics are modulated during capacitation and that an antagonist of Hv1 channels apparently blocks capacitation in vitro. They suggest that Hv1 accounts for the major proton current in sperm and plays a role in the onset of capacitation.
The simple model that follows from these findings is that changes in sperm membrane potential activate Hv1 and drive proton efflux, thereby providing the essential alkaline shift required for capacitation to take place (Figure 1) . Lishko et al. expand this model by suggesting that Hv1 may regulate sperm intracellular calcium ion levels and also may account for the effects of such factors as cannabinoids and zinc ions on sperm function. Three questions raised by this model are central to our understanding of capacitation and remain unresolved.
First, Hv1 currents are activated when sperm membrane potential is set to values close to or greater than 0 mV. Yet it is not known whether sperm can generate these potentials under physiological conditions. Fluorescent probes report that sperm membrane potential does not depolarize during capacitation, as is expected for activation of Hv1, but instead hyperpolarizes to values where that channel should not conduct protons (Arnoult et al., 1999; Florman and Ducibella, 2006) . In this regard, voltage-sensitive proton channel activity is regulated by protein kinases (De Coursey, 2008) . It may be that Hv1 is regulated as a result of the wave of protein phosphorylation that occurs during capacitation (Florman and Ducibella, 2006) , allowing this channel to work at physiological membrane potentials in sperm. The advanced methods introduced by Lishko and colleagues allow these questions to be approached for the first time.
Second, the relationship between pH i and membrane potential in sperm is not simple. Evidence for a pH regulatory mechanism controlled by membrane potential has been available since 1983 (Babcock et al., 1983) , about the time that voltage-sensitive proton currents figure 1. Hv1 Proton channel and sperm capacitation Sperm are maintained in an uncapacitated state in the cauda epididymis in part because of low pH i and low cAMP. The capacity to fertilize eggs is only gained after sperm have been "educated" by the female reproductive tract; this final phase of sperm maturation is known as capacitation. Dilution of sperm in seminal fluids and in fluids of the female reproductive tract during fertilization elevates external bicarbonate ions (HCO 3 -), and stimulates activity of the atypical adenylyl cyclase (ADCY10) contributing to the start of capacitation. The concentration of zinc ions decreases in the female reproductive tract and proton conductance through the voltage-gated proton channel, Hv1, of sperm increases. This results in a rise in the intracellular pH (pH i ) of sperm, an alkalinization step that is required for the progression and completion of capacitation.
were first described (DeCoursey, 2008). Hv1 produces the major proton current detected in human sperm by patchclamp techniques, but the conditions required for these measurements may not detect all of the transport pathways that underlie the membrane potentialdependent regulation of pH.
Mammalian sperm, including those of human, also have sNHE, a sperm-specific member of the Na + /H + exchanger superfamily that may play a role in capacitation (Wang et al., 2007) . The driving force for proton efflux, and hence pH i alkalinization, through sNHE is expected to increase as sperm exit the cauda epididymis, where [Na + ] is <25 mM and pH is <7, into the higher [Na + ] and slightly alkaline conditions present in most of the female reproductive tract (Florman and Ducibella, 2006 ). Yet the ionic conditions used in patch-clamp experiments here would mask contributions of sNHE to pH i regulation. Now that the role of Hv1 is understood, it will be possible to re-examine its activity under more physiological conditions in order to assess the contribution of other ion transport pathways.
The final new feature of the model proposed by Lishko et al. is that there is species specificity in pH regulation in sperm. Only tiny voltage-sensitive proton currents are detected in mouse sperm, whereas more robust currents are observed in human sperm. As a result, the authors propose species-specific control of capacitation-dependent pH shifts governed by fundamentally different mechanisms. However, this conclusion is based on studies of sperm in different physiological states. Mouse sperm were obtained, according to published methods, from the corpus epididymis (Kirichok et al., 2006) . Recall that sperm from the cauda epididymis have the capacity to fertilize eggs but that this is latent until the completion of capacitation, whereas sperm from the corpus epididymis are more functionally compromised and cannot undergo capacitation. In contrast, the human sperm used here have not only completed epididymal passage but also were diluted with seminal fluids, where high bicarbonate levels directly stimulate the atypical adenylyl cyclase (ADCY10) that is required for capacitation (Hess et al., 2005) . There are both practical (reproductive toxicology and infertility; contraception) and basic (mechanisms of sexual selection) reasons for resolving the degree of conservation of capacitation mechanisms. Lishko and coworkers have developed exciting new methods to analyze sperm and now can combine these with physiological methods to examine in detail the influence of maturation state and of species on capacitation in a systematic fashion.
